Summary Purpose To determine the maximum tolerated dose (MTD) and characterize the dose-limiting toxicities (DLT) of tanespimycin when given in combination with bortezomib. Experimental design Phase I dose-escalating trial using a standard cohort "3+3" design performed in patients with advanced solid tumors. Patients were given tanespimycin and bortezomib twice weekly for 2 weeks in a 3 weekcycle (days 1, 4, 8, 11 every 21 days). Results Seventeen patients were enrolled in this study, fifteen were evaluable for toxicity, and nine patients were evaluable for tumor response. The MTD was 250 mg/m 2 of tanespimycin and 1.0 mg/m 2 of bortezomib when used in combination. DLTs of abdominal pain (13 %), complete atrioventricular block (7 %), fatigue (7 %), encephalopathy (7 %), anorexia (7 %), hyponatremia (7 %), hypoxia (7 %), and acidosis (7 %) were observed. There were no objective responses. One patient had stable disease. Conclusions The recommended phase II dose for twice weekly 17-AAG and PS341 are 250 mg/m 2 and 1.0 mg/m 2 , respectively, on days 1, 4, 8 and 11 of a 21 daycycle.
Introduction
Heat-shock protein 90 (HSP90) is an evolutionarily conserved chaperone protein that promotes the folding of a diverse range of nascent proteins, known as "clients." These client proteins include oncogenes such as EGFR, MEK, p53, AKT, v-Src, BRAF, BCR-ABL and others critical to signal transduction, transcription, and protein trafficking [1] . As a mediator of multiple essential cell pathways, HSP90 is commonly overexpressed in tumor cells and is a rational target for drug development [2, 3] .
Geldamycin (GA) is a member of the benzoquinone ansamycin antibiotic family and disrupts the association of HSP90 with client proteins by binding to its N-terminal ATPbinding pocket [4, 5] . Although early data demonstrated antitumor activity of GA, subsequent preclinical animal studies reported significant hepatotoxicity, and GA was determined too toxic for human administration [6, 7] . The GA derivative 17-allylamino-17-demethoxygeldanamycin (tanespimycin) also disrupts the HSP90 association with client proteins but appears to have a more tolerable toxicity profile [8, 9] .
Phase I studies using tanespimycin as a single agent in patients with advanced solid tumors established treatment schedules of 1, 2, or 3 doses weekly that were well tolerated [10] [11] [12] [13] [14] [15] . Common dose limiting toxicities were hepatotoxicity, diarrhea, nausea, vomiting, and fatigue [10] [11] [12] [13] [14] [15] [16] . No complete or partial responses were seen in these trials but some patients were found to have stable disease for several months [10] [11] [12] [13] [14] [15] [16] . Several Phase II trials using tanespimycin as a single agent have been reported in patients with advanced prostate cancer, renal cell carcinoma, and metastatic melanoma [17] [18] [19] [20] . Toxicities were similar to those seen in the Phase I trials but no partial or complete responses were observed [17] [18] [19] [20] . As a monotherapy, tanespimycin has minimal activity in producing an objective response, but early pre-clinical studies suggest tanespimycin may work best as an adjunct to traditional agents [21] [22] [23] .
By interfering with the chaperone activity of HSP90, members of the benzoquinone ansamycin class of compounds promote the rapid down-regulation and proteasomal degradation of client proteins such as the HER2/neu and v-src [4, 24, 25] . Experiments with tanespimycin and bortezomib, a proteasome inhibitor, demonstrated that concurrent treatment of a human breast cancer cell line resulted in increased client protein ubiquitination and subsequent accumulation in endoplasmic reticulum-derived perinuclear vacuoles [26, 27] . Importantly, this drug combination was preferentially cytotoxic to transformed cells [26] . Pre-clinical studies in primary multiple myeloma cell lines have also demonstrated that HSP90 inhibition by tanespimycin sensitizes cells to bortezomib [28] . Again, this drug combination resulted in a marked accumulation of ubiquitinated proteins within the myeloma cells through the synergistic suppression of the chymotryptic activity of the 20S proteasome [28] . Taken together, these pre-clinical data suggest that interrupting intracellular protein homeostasis with tanespimycin and bortezomib promotes improved antitumor activity of both compounds.
Based on these pre-clinical data, we undertook a Phase I trial to determine the maximally tolerated dose (MTD) and dose limiting toxicity (DLT) of tanespimycin and bortezomib combination therapy in patients with advanced solid tumors. Patients were given tanespimycin and bortezomib twice weekly for 2 weeks in a 3 weekcycle (days 1, 4, 8, 11 with the schedule repeated every 21 days). Once the MTD was determined, patients were given tanespimycin on days 1, 4, 8, and 11 and bortezomib on days 4, 8, and 11 for cycle 1, and then tanespimycin and bortezomib on days 1, 4, 8, and 11 for all subsequent cycles.
Patients and methods
Patients with histologic proof of malignancy that was refractory to standard treatment for which no other curative or lifeextending therapy was available were eligible for the trial. Patients were ≥ 18 years old, had a life expectancy ≥ 12 weeks, an Eastern Cooperative Oncology Group performance status ≤ 2, and were willing to return for follow up care and monitoring. Adequate hematologic, renal, and hepatic function was demonstrated by hemoglobin ≥ 9 g/dL, absolute neutrophil count ≥ 1500/μL, platelets ≥ 100,000/μL, creatinine ≤ 2 × upper limit of normal (ULN), total bilirubin ≤ 2 × ULN, aspartate aminotransferase (AST) ≤ 2.5 × ULN, and alkaline phosphatase ≤ 2 × ULN or ≤ 5 × ULN if liver involvement.
Exclusion criteria included any chemotherapy, radiation therapy, immunotherapy, or biologic therapy ≤ 4 weeks prior to study entry (≤ 6 weeks with mitomycin C or nitrosoureas). Patients who received radiation to > 25 % of bone marrow, radiopharmaceuticals, chest radiation, or those who had failed to fully recover from toxicities of prior therapy were also excluded. Patients with significant cardiac disease including New York Heart Association III or IV heart failure, left ventricular ejection fraction ≤ 40 %, history of serious left ventricular tachycardia or fibrillation, history of myocardial infarction or active ischemic heart disease ≤ 1 year prior to study entry, uncontrolled dysrhythmias, antiarrhythmic therapy, current warfarin therapy that could not be switched to low molecular weight heparin, poorly controlled angina, congenital long QT syndrome, QTc > 500 msec, left bundle branch block, or a prior history of cardiac toxicity after receiving anthracyclines were also excluded from the study. Patients with significant pulmonary disease including diseases that require supplemental oxygen, severely limit activity, require medication for dyspnea, pulse oximetry ≤ 88 % at rest or with exercise, or a prior history of pulmonary toxicity after receiving anthracyclines were also excluded from the study.
Other exclusion criteria included uncontrolled infections, CNS metastases, seizure disorder, peripheral neuropathy ≥ grade 1, neuropathic pain of any etiology, history of serious allergic reaction to eggs, or use of concomitant medications that are known or suspected to prolong QTc. Patients were excluded if receiving other investigational therapies while on study. Pregnant women, nursing women, and patients of childbearing potential who were unwilling to employ adequate contraception, were excluded.
Dosage and administration
Tanespimycin supplied by the National Cancer Institute as a sterile single-use amber vial containing 50 mg of tanespimycin in 2 mL of dimethylsulfoxide was diluted in an egg phospholipid diluent as previously described and dispensed in a glass bottle [10] . Bortezomib was also supplied by the National Cancer Institute as a sterile single use 10 mL vial, which contained 3.5 mg bortezomib as a lyophilized powder with 35 mg mannitol, USP. The intact vials were stored at room temperature and protected from light, reconstituted with 3.5 ml normal saline, USP, and given without further dilution as an intravenous bolus (over 3-5 s). The reconstituted product was discarded within 8 h after initial entry.
The study was an open-label, multiple dose, phase I clinical trial. Patients first received tanespimycin IV over 1-2 h followed by an IV push of bortezomib immediately after tanespimycin on days 1, 4, 8, and 11 every 21 days. Only two patients were enrolled at dose level 1 before the dose escalation scheme was modified based on new information that emerged from the NCI regarding the safety and tolerability of this drug combination at higher doses and accrual continued ( Table 1 ). The dose escalation schedule followed the standard cohort "3+3" design, with observation for a minimum of 3 weeks before new patients were treated. If a DLT was not seen in any of the 3 patients, 3 new patients were accrued and treated at the next higher dose level. When DLTs were seen in ≥2 patients at a given dose level, the next 3 patients were treated at the next lower dose level. In any individual patient, doses could be escalated by 1dose level 1 time only but only after 3 new patients had completed the next dose level with no DLTs. After enrolling 6 patients at a specific dose level, if a DLT was observed in at least 2 patients, then the MTD was exceeded and defined as the previous dose level. If only 3 patients were treated at the lower dose level, 3 additional patients were treated at MTD so that a total of 6 patients were treated at the MTD to assess the associated toxicities. Once the MTD was determined, an additional 4 solid tumor patients were treated at the MTD. Patients at dose level 3 received tanespimycin on days 1, 4, 8, and 11 immediately followed by an IV push of bortezomib on days 4, 8, and 11. For each subsequent cycle, first tanespimycin then an immediate IV push of tanespimycin was given on days 1, 4, 8, and 11 every 21 days.
DLT was defined as grade 4 neutropenia or grade 3 thrombocytopenia; serum creatinine ≥ 2 times baseline or ULN, whichever is higher; QTc prolongation of grade 3 or greater; or day 8 dose omitted during cycle 1. Any other nonhematologic toxicity ≥ grade 3 as per NCI Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 was also considered a DLT. Grade 3 nausea, vomiting, or diarrhea with maximal supportive treatments was considered dose limiting. Alopecia was not considered dose-limiting.
Patient evaluation
Each patient underwent a complete history and physical exam, CBC, and chemistry panel including electrolytes, total bilirubin, albumin, total protein, creatinine, AST, and alkaline phosphatase. An EKG, echocardiogram, and pulse oximetry were performed at baseline. Chest x-ray was obtained at baseline and as clinically indicated if chest CT scan was not previously obtained. For patients with measureable disease, a CT scan was obtained at baseline and after every 2 cycles of therapy to assess tumor response. Complete response, partial response, stable disease, and progressive disease were defined according to RECIST criteria.
Statistical methods
Per NCI CTACE version 3.0 guidelines, adverse event attributions were defined as possibly, probably, or definitely related to study treatment. The number and severity of adverse events were tabulated and summarized within each cohort. Responses were summarized by simple descriptive statistics delineating complete and partial responses as well as stable and progressive disease within each cohort.
Results
Between February 11, 2005 and October 28, 2009, seventeen patients were enrolled into the study and followed for a maximum of 3 months after being off treatment. Patient characteristics are presented in Table 2 . The median age of all patients was 61 years with a range of 47 to 85. Sixteen patients were Caucasian, and one patient was American Indian or Alaska Native. Prior to enrollment in the study, all participating Only 2 patients were enrolled and evaluated for DTL at dose level 1 before the dosing scheme was changed based on new information from the NCI regarding the safety and efficacy of the drugs in combination. One patient from dose level 2 was replaced for DLT evaluation patients had previously undergone surgery and chemotherapy. Five patients had received radiation therapy. A variety of solid tumor types were treated in this study including colorectal (n=6), pancreatic (n=2), and soft tissue sarcoma (n=2), neuroendocrine, lung, ovarian, uterine, chondrosarcoma, renal cell, and gastrointestinal (1 each). The dose escalation scheme is summarized in Table 1 . Initial accrual was at 100 mg/m 2 tanespimycin and 0.7 mg/m 2 bortezomib. The second dose level was increased significantly because of new information regarding the drug combination from the National Cancer Institute indicating that this drug combination was tolerated at higher doses. Patients received a median of 1 cycle with a range from 1 to 6 cycles received. Nine patients (60 %) discontinued treatment because of disease progression while on study, three (20 %) due to adverse effects, one (6.7 %) due to a complicating disease, one (6.7 %) declined further treatment, and one (6.7 %) for other reasons.
Adverse events
Fifteen of the seventeen patients were evaluable for DLT analysis. Table 3 lists the number of DLTs for each cohort. At dose level 1, one patient experienced grade 3 abdominal pain, fatigue, and encephalopathy. No DLTs were observed in the first 6 patients treated at dose level 2. However, one patient of the four additional solid tumor patients entered at that dose level experienced complete atrioventricular block. In contrast, 2 DLTs were observed at dose level 3. One patient experienced grade 4 hyponatremia, abdominal pain, hypoxia, and colitis in addition to grade 5 acidosis. The other patient experienced grade 3 anorexia. Accordingly, we concluded that the MTD was dose level 2, which corresponds to 250 mg/m 2 tanespimycin and 1.0 mg/m 2 bortezomib. Toxicities at least possibly related to treatment that were grade 2 or higher, in addition to grade 1 toxicities that occurred in >10 % of the 15 evaluable patients are listed in Table 3 . Grade 3 toxicities observed were encephalopathy, abdominal pain, complete atrioventricular block, hypertension, fatigue, and anorexia. Grade 1 toxicities at least possibly related to treatment occurring in <10 % of patients include: decreased platelet count, increased ALT, increased AST, hypoalbuminemia, tremor, blurred vision, eye pain, headache, oral pain, cough, dyspnea, weight gain, weight loss, bruising, nail changes, and acneiform rash.
Antitumor activity
One patient at dose level 2 had stable disease as the best response for 4 cycles. Eight patients progressed in their first or secondcycle of treatment. Six patients went off study before tumor responses were assessed. No complete or partial responses were seen.
Discussion
Based on available pre-clinical and phase I data, twice weekly dosing of tanespimycin and bortezomib in combination is a tolerable regimen. Data from an earlier study suggest the inhibition of HSP90 by tanespimycin is effective for 1 to 5 days based on client protein down regulation in tumor samples [11] . Proteasome inhibition by bortezomib was shown to reduce proteasome activity 1 h post infusion and began returning to base line activity after 24 h with a complete return to baseline at 72 h in patients with advanced solid malignancies [29] . Twice weekly treatment of bortezomib resulted in the same level of proteasome inhibition 1 h post Table 3 Toxicities for all cycles at least possibly related to treatment administration, suggesting no change in proteasome sensitivity [29] . Pre-clinical data supports concomitant administration of tanespimycin and bortezomib for improved antitumor activity [26] . Therefore, our phase I study evaluated a twice weekly dosing schedule of tanespimycin and bortezomib in patients with advanced solid malignancies. When used in combination, the MTD of tanespimycin and bortezomib was 250 and 1.0 mg/m 2 , respectively. This is similar to the MTD for tanespimycin of 200 and 220 mg/m 2 determined by other single agent phase I trials in patients with advanced solid tumors using twice weekly dosing schedules [13, 14] . A phase I study evaluating twice weekly tanespimycin and weekly paclitaxel demonstrated an MTD for tanespimycin to be 200 mg/m 2 [30] . Studies of bortezomib as a single agent in patients with advanced solid tumors on a twice weekly dosing schedule have found MTDs of 1.56 and 1.7 mg/m 2 [29, 31] . In our study, escalation of bortezomib from 1.0 to 1.3 mg/m 2 in combination with tanespimycin at 250 mg/m 2 resulted in 2 DLTs. One patient from this cohort experienced grade 3 anorexia and the other patient experienced all the reported grade 4 toxicities including colitis and grade 5 acidosis. A recent phase II trial with a similar dosing scheme treated 22 myeloma patients with 1.3 mg/m 2 of bortezomib and 50, 175, or 340 mg/m 2 of tanespimycin [32] . There was no report of acidosis, but grade 3 fatigue and abdominal pain were also observed [32] . These differences in MTD and toxicities seen may be due to the sequence of drug administration or features of the patient populations such as previous therapies. All 22 patients in the phase II trial were previously treated with bortezomib while all patients in our study were bortezomib naïve [32] .
In this trial, the most common toxicities were fatigue, nausea, diarrhea, and peripheral sensory neuropathy. Serious liver toxicity that has previously been dose limiting in other trials using tanespimycin was not observed in our study. A tanespimycin dose of 100 mg/m 2 was associated with a mild increase in AST and a moderate increase in alkaline phosphatase. At 250 mg/m 2 of tanespimycin, mild increases in ALT and alkaline phosphatase were reported. Peripheral neuropathy is the most commonly reported DLT after treatment with bortezomib. In our study, only grade 1 sensory and motor neuropathy was found at both dose level 1.0 mg/m 2 and 1.3 mg/m 2 . The best tumor response was stable disease for 4 cycles of treatment in a patient enrolled in dose level 2. No partial or complete responses were seen. In other phase I trials using combination therapy with tanespimycin and a second agent, stabilization of disease and partial responses were reported in patients with advanced solid malignancies. Disease stabilization in patients with advanced solid tumors was observed after treatment with tanespimycin and either paclitaxel or irinotecan [30, 33] . Six solid tumor patients experienced partial responses from tanespimycin in combination with gemcitabine, and one patient with advanced breast cancer achieved a partial response after treatment with tanespimycin and trastuzumab [34, 35] . In the myeloma phase II study, 2 patients experienced a partial response, 1 patient had a mixed response, and 10 patients across all cohorts had stable disease [32] . These results suggest that improved tumor responses could be seen if tanespimycin is studied in a specific disease in addition to a more established agent for that patient population.
The lack of response in patients with solid tumors suggests that the underlying hypothesis that inhibiting HSP90 combined with proteasomal inhibition has limited activity in patients solid tumors. This may be in part because bortezomib has demonstrated little activity in solid tumors, however, another possibility is that tanespimycin does not consistently and significantly cause client protein degradation with the doses and schedules used here [36] . The use of other HSP90 inhibitors may overcome this limitation. In conclusion, this phase I clinical trial established a twice weekly administration of tanespimycin and bortezomib that can be safely given at doses of 250 mg/m 2 and 1.0 mg/m 2 , respectively.
